The isolated arterially perfused interventricular rabbit septum was adapted for the study of glucose metabolism during ischemia produced by either increased oxygen demand or altered coronary flow. The septum perfused at 1.5 ml/min and stimulated at a rate of 72/min at 37 °C was shown to be a low work preparation in which glucose utilization, lactate production, oxygen consumption, and developed tension were stable for at least 90 minutes. The metabolic and functional responses of the septum were evaluated during nonnoxic increased work produced by introducing a paired stimulus at 90/min and increasing flow to 3.5 ml/min, during demand-induced ischemia produced by introducing a paired stimulus at 90/min and maintaining flow at 1.5 ml/min, and during low flow ischemia produced by decreasing flow and maintaining stimulus rate constant at 72/min. During nonnoxic increased work, glucose utilization increased by 115 ± 26% (±«KM) over control, while oxygen consumption increased by 100 ± 11%, lactate production by 13 ± 9%, and developed tension by 45 ± 8%. Tigsue glycogen, lactate, and lactate:pyruvate ratios were unchanged compared to control. During demand-induced ischemia, glucose utilization increased by 116 ± 24%, while oxygen consumption increased only by 29 ± 7%, lactate production rose by 106 ± 16%, and developed tension declined by 20 ± 4%. Tissue glycogen content was significantly decreased and tissue lactate and lactaterpyruvate ratios were significantly increased during demand-induced ischemia compared to both control and nonnoxic increased work. These results are consistent with accelerated glucose oxidation during nonnoxic increased work and accelerated anaerobic glycolysis during demand-induced ischemia. During severe low flow ischemia, glucose utilization declined by 44 ± 8% while developed tension and oxygen consumption decreased by 80 ± 8% and 74 ± 2%, respectively. The results of this study suggest that the dependence of glucose metabolism in ischemia on residual perfusion for washout of metabolic end products is also observed when ischemia is produced by excessive oxygen demand. Ore Res 49: 640-648, 1981 DURING myocardial ischemia there is a mismatch between oxygen supply and demand. Glucose metabolism during ischemia is dependent on residual perfusion for washout of the metabolic end products, lactate and hydrogen ion (Rovetto etal., 1975). This finding expains the observation that glucose uptake and metabolism accelerate if the myocardium is made hypoxic by perfusion with oxygenfree perfusate at maintained flow rates, but does not accelerate or even declines if the myocardium is made hypoxic by decreasing flow rates (Rovetto et al., 1973; Neely et al., 1975) .
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To evaluate this possibility, the isolated arterially perfused interventricular rabbit septum was adapted to study myocardial glucose metabolism during ischemia produced either by increased oxygen demand or altered coronary flow.
Methods

Experimental Preparation
The isolated arterially perfused interventriculax rabbit septum was obtained from male New Zealand rabbits (1-2 kg). After the administration of 10 mg of sodium heparin and 180 mg of pentobarbital via an ear vein, the heart was rapidly excised through a median sternotomy and placed in a warm, oxygenated perfusate. Following removal of both atria and the right ventricle, the septal artery was identified by opening the left coronary artery through its ostium in the aorta. The septal artery was cannulated with a small polyethylene cannula (Clay-Adams). The cannula was secured in place with a 6-O silk suture. An interval of no more than 5 minutes elapsed from the time the heart was excised to cannulation. Flow was maintained at 1.5 ml/min by a Gilson Minipuls 2 peristaltic pump. Since the final weight of the perfused septum varied between 0.75 and 1.2 g, flow/gm wet weight per min varied between 1.3 and 2.0 ml/min. The perfusate contained (in HIM): NaCl, 130; Cad*, 2.5; KC1, 6.0; MgCl, 1.0; NaH 2 P0.,, 0.435; NaHCO.,, 12.0). The substrate was dextrose, 5.6 mM. Crystalline insulin, 25 milliunits/ml, was added to ensure adequate availability of glucose to the myocardium. The perfusate was equilibrated continuously with 98% O 2 -2% CO 2 , yielding a stable pH of 7.3-7.4.
Well perfused tissue was identified visually, and a triangular segment was cut out with the cannula at its base. The perfused myocardium was suspended between two clamps at its base and tied to a strain gauge-type tension transducer at its apex using a 5-O silk suture. The tension transducer was mounted on a geared slide, and rest tension was manipulated by moving the transducer up or down on this slide. No rest tension was applied between the two clamps. After suspension of the septum, stimulating electrodes from a Grass SD-44 stimulator were attached to the clamps, and 4-to 6-mV, 0.4-msec stimuli were delivered at a rate of 72/min.
Under standard experimental conditions commonly employed for the isolated arterially perfused rabbit septum, effluent perfusate oozes out over the septum's surface and is exposed to the atmosphere. To measure effluent oxygen concentration, a small, sealed Lucite chamber was constructed to enclose the septum. Built into the chamber were the cannula, clamps, thermistor, tension transducer, and effluent sampling access to allow experiments to be conducted while the septum was enclosed.
After searing the septum in the chamber, both the chamber and the perfusion line were lowered into a constant temperature bath. Temperature was maintained at 37°C through all experiments. Core temperature of the septum was measured using a needle thermistor (Bailey Instruments). An equilibration tune of 60 minutes preceded any experimental intervention. A preparation was accepted as suitable for study if it developed at least 15 g of tension at a rest tension of 6-7 g, and if rest and developed tension were stable over the equilibration period.
The dead space of the chamber was 3.2 ml with a 1-g septum in place. To exclude atmospheric contact with the septum for effluent oxygen content measurements, the dead space was filled with effluent perfusate. This maneuver interposes a "mixing chamber" between effluent perfusate coming from the septum and effluent perfusate coming from the chamber such that time must be allowed for washout of the dead space following a change in steady state metabolism of the septum. To estimate this time, the chamber with septum in place was loaded with 3 H 2 O, and washout curves were constructed at flows of 1.6 and 1.0 ml/min. At both flows, 94-96% of the 3 H 2 O had been washed out of the chamber in 3x the mean transit time (volume/ flow). This calculation was used to estimate the minimum sampling time for all experiments reported in this study.
Data Collection and Analytic Procedures
Rest and developed tension, maximal rate of tension development, and maximal rate of relaxation were recorded continuously on a four-channel Hewlett-Packard 7404A recorder at a paper speed of 5 mm/min. Glucose utilization was evaluated by *H 2 O production from J H-2-glucose (Katz and Dunn, 1967) . To separate ^O from :1 H-2-glucose in effluent perfusate, small disposable columns containing the hydroxide form of Dowex-AG-1 X8 200 to 400-mesh resin were used. Since previous investigators have used the borate form of this resin (Neely et al., 1972; Rovetto et al., 1975) , validation of quantitative separation was accomplished by placing on the resin known activities of 'H^O and ! H-2-glucose standards (obtained from New England Nuclear) and eluting with 3 ml of distilled water; 96 and 0.06% of the 1 H 2 O and ; 'H-2 glucose were recovered, respectively. Continued validation of quantitative separation was performed with each experiment by measuring retention of a H-2-glucose from a sample of perfusate. Samples were dissolved in Beckmann Ready-Solv HP cocktail and counted in a Beckmann LS3133P liquid scintillation counter. All analyses were performed in duplicate.
Effluent perfusate lactate concentration was measured by using a standard spectrophotometric technique (Gutman and Whalefield, 1974) . Oxygen content was measured in a Lex O? Con oxygen analyzer (Lexington Instruments). Oxygen consumption was calculated as the arterial-venous difference in umol/ml multiplied by the flow in ml/ min. Both lactate concentration and oxygen consumption were determined in duplicate.
Septa used for tissue glycogen, lactate, and pyruvate analysis were rapidly frozen by clamping them with copper tongs cooled in liquid nitrogen. VOL. 49, No. 3, SEPTEMBER 1981 The frozen tissue was pulverized and extracted with 6% perchoric acid. Lactate and pyruvate were assayed by the lactate dehydrogenase procedure and glycogen by the hexokinase glucose-6-P-dehydrogenase procedure as described in Bergmeyer (1974) .
Data are expressed as the mean ± SEM. The data illustrated in Figures 1, 3 ,4, and 5 and Table 1 were subjected to a repeated measures analysis (Dixon and Brown, 1979) . When a single treatment parameter was varied, orthogonal decomposition of the trial effect was performed to determine the nature of the treatment effect on the measured variable. The data of Table 2 were subjected to a two-way analysis of variance and significance determined using the appropriate ./^-statistics. and 1.5 ml/min flow) for 90 minutes. Developed tension at time 0 averaged 20 ± 1.4 g, did not change over the first hour, and declined 11% to 17.8 ± 1.4 g at 90 minutes. Initial oxygen consumption averaged 0.94 ± 0.04 /imol/min and increased slightly to 0.99 ± 0.04 after 90 minutes. Average initial glucose utilization and lactate production were 0.33 ± 0.02 and 0.51 ± 0.05 /unol/min, respectively. By 90 minutes, glucose utilization had increased by 12% to 0.37 ± 0.3 jumol/min, while lactate production increased by 8% to 0.55 ± 0.06 /unol/min. Subtracting lactate production from glucose uptake demonstrates that oxidation of exogenous glucose accounted for more than 44% of the oxygen consumed; the rest presumably was accounted for by oxidation of endogenous triglycerides. Lactate production accounted for 78% of exogenous glucose utilization.
Results
To evaluate the possibility that the high control lactate output of the septum was secondary to cellular hypoxia, lactate production and developed tension were evaluated during graded increasas in flow from 1.5 to 4.2 ml/min. The results are detailed in Table 1 . There was a slight but statistically significant (P < 0.05) decrease in lactate production and increase in developed tension as flow was increased, although these changes were small compared to the 290% increase in oxygen delivery. At least part of the small increase in developed tension could be accounted for by a 20% increase in rest tension (data not shown) secondary to the increased perfusion pressure associated with the higher flows. These data suggest that myocardial hypoxia contributes minimally to the prominent lactate production seen in the isolated arterially perfused rabbit septum under control conditions. The high control lactate output probably reflects decreased pyruvate oxidation and diffusion out of the cell in the absence of lactate in the perfusate.
Tension development and oxygen consumption in the isolated arterially perfused rabbit septum are reduced compared to other isolated or in situ experimental preparations. Since the ability to produce changes in oxygen demand is critical to the production of demand-induced ischemia, the effect on oxygen consumption of increasing the tensiontime index by increasing the single stimulus rate and introducing an inotropic stimulus was evaluated under nonischemic conditions (Fig. 2) . The value for basal oxygen consumption in the septum, 0.5 ± 0.01 jumol/g per min, is in the range of previously reported values (0.4-1.2 /iinol/g wet weight per min) (McKeever et al., 1960; Klocke et al, 1965; Klocke et al., 1966) . Oxygen consumption increased linearly as the tension-time index was increased by increasing the single stimulus rate. As expected, the introduction of an inotropic stimulus increased oxygen consumption out of proportion to the increase in the tension-time index. These results indicate that, despite the reduced tension development and oxygen consumption encountered in the septum, it is possible to change oxygen consumption almost 3- Phe effect on lactate production and developed tension of increasing flow from 1.5 to 2.5, 3.5, and 4.2 ml/nun, maintaining stimulus rate constant at 72/min, is shown. Each septum served as its own control with subse<njent measurements taken 15 minutes after each increase in flow to ensure the presence of a steady state. Results are the mean ± SEM of SU preparations For discussion, see text.
fold by introducing stimuli known to change oxygen demand.
Glucose Metabolism and Mechanical Performance during Ischemia
Exogenous glucose utilization, oxygen consumption, lactate production, and mechanical performance were evaluated during demand-induced ischemia and compared to normoxic increased work. Normoxic increased work was produced by introducing a paired stimulus at 90/min (180 total stimuli/min) and increasing perfusion from 1.5 to 3.5 ml/min in each septum. Demand-induced ischemia was produced by introducing a paired stimulus at 90/min but maintaining flow constant at 1.5 ml/ min per septum. The results, illustrated in Figure 3 , indicate that the increase in exogenous glucose utilization is comparable for demand-induced ischemia and normoxic increased work. However, during normoxic increased work, lactate production did not change significantly from control, whereas oxygen The effect on oxygen consumption of increasing cardiac work. Cardiac work was increased by changing the stimulus rate from 0 to 70, 140, and 180/min and by introducing a paired stimulus at 20 and 70/min with 15 minutes allowed to elapse at each stimulus rate before oxygen consumption measurements were taken. Each septum was perfused at a constant rate of 2.5 ml/min. Perfusate containing 10 mM KCl was used to obtain total quiescence only during the period in which no stimuli were delivered. For the rest of the experiment, standard perfusate containing 6 mM KCl was used. Results represent the mean ± SEM of five septa. For discussion, see text.
and glucose consumption increased proportionately, consistent with previous reports demonstrating that glucose oxidation increases during increased cardiac work in the absence of alternative substrates (Neely et al., 1972; Neely et al., 1976) . In contrast, during demand-induced ischemia, lactate production doubled whereas glucose consumption increased out of proportion to the increase in oxygen consumption, indicating an accelerated rate of anaerobic metabolism of glucose. These findings demonstrate that glucose consumption is accelerated during demand-induced ischemia, and that this increase is due primarily to acceleration of anaerobic glycolysis.
Tissue levels of lactate, pyruvate, and glycogen were obtained during normoxic increased work and demand-induced ischemia to substantiate further the presence of ischemia when oxygen demand is increased without a concomitant increase in oxygen supply in addition to evaluating the use of endogenous stores of glucose from glycogen for glycolysis (Table 2) . Compared to control, the tissue content of lactate, pyruvate, and glycogen and the lactate:pyruvate ratio were not significantly different during normoxic high work over the 80-minute period evaluated. In contrast, during demand-induced ischemia, tissue lactate and the lactate:pyruvate ratio increased significantly for the entire 80 minutes, and glycogen stores were significantly reduced 20 minutes following introduction of the paired stimulus when compared to both control and normoxic high work. During the first 20 minutes of demand-induced ischemia, glycogenolysis was rapid and overall glycolytic rate was approximately twice that observed at 40 and 80 minutes. The large increase in tissue lactate during the first 20 minutes of ischemia reflects the faster glycolytic rate during this time period. These results provide further evidence for the presence of ischemia during oxygen supply-demand imbalance with maintained basal perfusion.
A comparison of exogenous glucose utilization during demand-induced and flow-reduced ischemia is illustrated in Figure 4 . Glucose utilization, oxygen consumption, and developed tension were evaluated during progressive increases in the paired stimulus rate maintaining flow constant at 1.5 ml/min per septum and compared to the results obtained during progressive reductions in flow maintaining the single stimulus rate constant at 72/min. Due to VOL. 49, No. 3, SEPTEMBER 1981 Comparison of exogenous glucose utilization, lactate production, oxygen consumption, and developed tension during control, normoxic increased work, and demand-induced ischemia During the control period, each septum was perfused at 1.5 ml/min with a single stimulus rate of 72/min. Normoxic increased work was produced by introducing a paired stimulus at 90/min and increasing flow to 3.5 ml/min per septum, while demand-induced ischemia was produced by introducing a paired stimulus at 90/min and maintaining flow constant at 1.5 ml/mm per septum. Each septum served as its own. control, and measurements were made 15 minutes after the introduction of each intervention. Results are the mean for four hearts. For discussion, see text.
the very long transit times through the chamber at flows of less than 0.8 ml/min, the chamber was emptied of effluent perfusate, and oxygen consumption was estimated knowing the amount of oxygen delivered and using the lowest oxygen content observed from the preceding measurements to estimate effluent oxygen content. In those preparations in which demand was progressively increased without changing flow, developed tension initially in-creased while oxygen and glucose consumption decreased (secondary to the decline in the total integral of tension; data not shown), suggesting that the septum was not ischemic at the lowest paired stimulus rate. However, as the paired stimulus frequency was progressively increased, the developed tension fell while oxygen consumption increased slightly over control and glucose consumption progressively increased, changes similar to the results At time 0, a paired stimulus at 90/min was introduced, and flow was either increased to 3.75 ml/septa per min (high work) or not changed from control flow rates (supply-demand imbalance) Septa were smash -frozen at the times indicated following paired stimulation. At lime 0. perfusate calcium concentration was increased from 2 5 to 3.5 rriM in high work and supply-demand imbalance experiments. Data are the mean ± SKM for five to eight septa. During high work, there were no significant differences for any of Lhe measured metabolites compared to control values at comparable time intervals. In contrast, during supply-demand imbalance, a significant increase in both lactate and lactate-pyruvate ratios were noted when compared to both control and normoxic high work Also glycogen was significantly depleted during supply demand imblance 20 minutofl following the introduction of a paired stimulus. (When asterisks are separated by a comma, lhe firet represents comparison to control and lhe second to high work.) * P <0.05; " P < 0 026, •"*/*< 0 01. FLOW (cc/tgm/wet wl/min) obtained in the previous experiments. In those preparations in which flow was progressively reduced, developed tension decreased in proportion to the flow reduction, and oxygen consumption also decreased below flows of 1.3 ml/min per septum. Glucose consumption increased slightly over control during modest decreases in flow, and then fell when flow was decreased below 0.7 ml/min per septum. These data demonstrate that the myocardial metabolic rate for exogenous glucose progressively accelerates during demand-induced ischemia and fails to accelerate or even declines during progressive flow-reduced ischemia. When the dead space of the chamber is filled with effluent perfusate, a rapid change in glucose consumption could not be detected due to the time required for washout of metabolites reflecting the preceding metabolic rate for glucose and oxygen. Accurate evaluation of glucose and oxygen consumption in the presence of this "mixing chamber" depends on the maintenance of a "steady state" metabolic rate at least for the period of time corresponding to the longest transit time through the system (Zierler, 1961) . Since previous investigators have reported a transient suppression of glucose uptake in the first 15 minutes of ischemia due to metabolism of endogenous glycogen , evaluation of exogenous glucose utilization as a function of time in the septum during demandinduced ischemia was performed with the chamber empty (Fig. 5) . In contrast to the results obtained with the Langendorf preparation during ischemia caused by reduced flow, exogenous glucose utilization increased to 80% of its maximum value in 2 minutes. Since there was only a small increase in glucose utilization over the first 20 minutes, these results suggest a relative steady state for exogenous glucose utilization during demand-induced ischemia for at least 40 minutes.
Discussion
In this study, the isolated arterially perfused rabbit septum was adapted to evaluate myocardial glucose metabolism during ischemia produced by excessive oxygen demand and reduced oxygen supply. The septum possesses several features which VOL. 49, No. 3, SEPTEMBER 1981 make it particularly well suited for investigation of ischemic glucose metabolism. First, ischemia in the septum is global, independent of whether it is secondary to increased demand or reduced oxygen supply. Although regional ischemia more closely approximates the clinical situation, reducing flow through a single coronary artery produces a heterogenous population of cells with some having near normal flow and others virtually none. Correlation of the severity of ischemia and metabolic changes is therefore impossible. Second, control flow rates in the septum are only slightly higher than basal flows in humans. Since glucose metabolism during ischemia is flow-dependent, the ability to produce ischemia at flows comparable to that which produce ischemia in humans is a prerequisite for extrapolation of these results to the clinical situation. Finally, direct perfusion of the septum through the septal artery allows independent control of changes in workload and flow, allowing independent evaluation of the effect on metabolism of changes in oxygen supply and demand. The metabolic and functional stability of the septum at 37°C with a flow rate of 1.5 ml/min was demonstrated in this study by showing that exogenous glucose utilization, lactate production, oxygen consumption, and developed tension were 3table for at least 90 minutes. Although the flow rates employed here are similar to those in previous reports utilizing the septum, prior investigations were performed either at 28°C using red blood cell-free perfusate (Langer and Serena, 1970) or, if at 37°C, using perfusate containing red blood cells (Shine and Douglas, 1974) . Recently, evaluation of the energetic state of the septum at 37°C perfused without red blood cells was performed during an investigation of the effect of perfusate bicarbonate concentration on high energy phosphate content, potassium content, and developed tension (D. Angelo, unpublished observation). Of relevance to this report were the findings that high energy phosphate and potassium contents, along with developed tension, were not significantly different from those which had been reported previously for the septum evaluated at either 28 C C or 37°C and perfused with red blood cells. These data, along with the stability of the septum demonstrated here, are evidence for the metabolic and functional integrity of the septum under the experimental conditons employed in this study.
The low tension development (approximately 15-25 g) in the isolated arterially perfused rabbit septum probably accounts for the stability of the preparation perfused at 37°C without red blood cells. The low level of tension development is not due to oxygen deprivation since developed tension is not significantly different when red blood cells are included in the perfusate (Shine and Douglas, 1974) . Also, a 3-fold increase in perfusion rate did not change tension development substantially. The low tension development can be understood by comparing the spatial distribution of developed tension in the septum to the intact heart. The wall of the left ventricle contains muscle fibers which are both curved and varyingly oriented and in which tension development is multidirectional (Streeter et al., 1970) . In the intact heart, tension (or stress) development usually is resolved into radial, circumferential, longitudinal, and shear components. Since the septum is a segment of the left ventricular wall, it also contains curved, varyingly oriented muscle fibers, and therefore the potential for multidirectional tension development exists. However, unlike the intact heart, the septum is secured only in the plane formed by the tension transducer and the two clamps. Since it is impossible to have unopposed tension development, the septum can develop tension only in this single plane. In addition, since there is no stretch applied across the septum between the two clamps, tension development in this plane is restricted to vectors detected by the tension transducer. Since the vast majority of fibers at the base of the heart are oriented circumferentially (Streeter et al., 1969) , tension development in the isolated arterially perfused rabbit septum probably represents a vector of the shear component in the intact heart.
Glucose Metabolism and Function during Ischemia
Evaluation of exogenous glucose utilization during ischemia induced by increasing oxygen demand has not been reported previously. This is somewhat surprising since clinical ischemic heart disease frequently manifests as demand-induced ischemia in patients with exertional angina. Documentation of the production of ischemia by increasing oxygen demand is performed daily by observing ECG changes during exercise on a treadmill and by the presence of left ventricular dysfunction and lactate production during artificial pacing studies performed in the catheterization laboratory. The observation that abruptly discontinuing propranolol in patients with ischemic heart disease can occasionally have fatal consequences (Miller et al., 1975) suggests that excessive oxygen demand might, in certain instances, play a primary role in the pathogenesis of acute myocardial infarction.
In this study, we believe we have simulated the clinical situation of demand-induced ischemia in the isolated arterially perfused rabbit septum. Evidence to support this contention was obtained by comparing lactate production, oxygen consumption, mechanical performance, and tissue levels of lactate, pyruvate, and glycogen during demand-induced ischemia to control and normoxic increased work. The increased tissue lactate, lactate:pyruvate ratio, and lactate production and the reduced glycogen stores in addition to the failure to improve mechanical performance in response to an inotropic stimulus and the inability to appropriately increase oxygen consumption are all consistent with the presence of demand-induced ischemia.
Control oxygen consumption in the isolated arterially perfused rabbit septum is only about 25% of that in resting humans and 10% of that found in the Langendorf preparation (Klocke et al., 1968; Neely et al., 1976) . The evidence presented in this report suggests that the reduced oxygen supply and flow rates encountered in the septum are secondary to reduced oxygen demand and that the septum is not deprived of oxygen under control conditions. In addition to the low level of tension development discussed above, the slower stimulus rate applied to the septum compared to the Langendorf preparation are the probable explanations for the low metabolic rate of the septum. The low utilization rate for oxygen means that all metabolic processes (glucose uptake and metabolism, ATP hydrolysis and synthesis, NAD + reduction and subsequent oxidation, etc.) occur at a much slower rate than in vivo or with other experimental preparations. If the metabolic rate for the septum were higher, it is possible that the higher rate of lactate and hydrogen ion production might inhibit glycolysis during demandinduced ischemia. Evidence against this possibility is the presence of a well documented Pasteur effect during anoxic perfusion in the high work Langendorf preparation. Since each of the physiological (control and normoxic increased work) and pathophysiological states (demand-induced and flow-reduced ischemia) studied has a proportionately reduced metabolic rate, it is our belief that the low metabolic rate should not alter the directional changes observed in this study. However, quantitative extrapolation of these results to the clinical situation is not warranted, and additional studies in isolated muscle preparations performing more work are currently being undertaken to further evaluate the effect of basal metabolic rate on glycolysis during demand-induced and flow-reduced ischemia.
In conclusion, the results of this study suggest that the dependence of glucose metabolism in ischemia on residual perfusion for washout of metabolic end products is also observed when ischemia is produced by excessive oxygen demand in the isolated arterially perfused rabbit septum perfused with glucose and insulin. These results will encourage investigation into the use of FDG and positroncomputed tomography to evaluate the interplay of oxygen supply and demand in the production of acute myocardial ischemia and infarction in humans (Marshall et al., 1981) .
